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Abstract 
 In recent years there has been an increased interest in the use of bolted connections for 
use in seismic applications.  This has stemmed from numerous connection failures in the 1994 
Northridge earthquake which have been attributed to welded connections.  This paper 
demonstrates the application of damage mechanics in finite element models so that connection 
fracture can be properly analyzed in FEA.  Test data of triaxiality and strain for three different 
types of steel, along with the IDS (Instability Ductile and Shear) criterion for aluminum are 
combined with basic material properties to create parts which can replicate fracture.  Finite 
element assemblies were created to represent top and seat angle connections fracturing in three 
different parts.  This procedure was verified by comparing load-displacement curves from 
experimental data with that from the finite element models.  The resulting procedure was 
successful in replicating tension bolt fracture from the known connection as well as producing 
net section fracture and tear out fracture in the remaining theoretical connections. 
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Chapter 1: Introduction 
 In January of 1994 the Northridge earthquake shook south western California and most of 
the west coast.  The earthquake, a magnitude 6.7, was centered under a dense urban area and 
proved to be one of the most costly earthquakes in United States history; both monetarily and in 
terms of lives lost.  Thousands of people were injured as well as thousands of buildings being 
significantly damaged.  Upon investigation of the vast array of collapsed or damaged buildings, 
it was noticed that many connections within moment resisting frames had failed.  Most of these 
failures were of welded connections that had failed in a brittle fashion.  These unexpected 
failures brought to light several issues with fully welded connections and prompted research to 
be done to investigate a new design of moment resisting connections.  Five major problems were 
identified with fully-welded connections: 
1. Defects in the weld itself due to lack of fusion and penetration greatly reduced the 
anticipated ductility and toughness of the connection. 
2. Weld materials were found to have inadequate ductility and toughness.  Also, the 
material strength of the weld tended to match poorly with that of the base steel. 
3. Welding procedures were not properly followed such as not removing backup bars and/or 
an insufficient number of weld passes. 
4. Lack of redundancy in the structural system, which used in as few connections as 
possible to carry all the lateral loads.  This resulted in large strength and ductility 
demands on the few active connections. 
5. Use of large beam sections to control drift.  This, in turn, resulted in large columns and 
large connection forces in order to satisfy the weak beam – strong column design 
philosophy. 
The third problem listed above provides probably the greatest issue because field welding is very 
hard to quality control.  A common connection that would have been examined would have a 
shear tab shop welded to the column but then the flanges of the beam had to be welded to the 
column in the field as seen on the left in Figure 1-1. 
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Figure 1-1: Fully Welded Connection (Swanson, 1999) (left) & TSA Bolted Connection (right) 
 In an effort to eliminate this problem as a source of failure, a joint venture between the 
Structural Engineers Association of California, the Applied Technology Council, and the 
California Universities for Research in Earthquake Engineering (SAC) funded research into the 
causes of weld failures as well as other connection design possibilities.  A sub task of this 
research was performed at the Georgia Institute of Technology to test bolted connections.  Bolted 
connections provide an attractive alternative to welding because of their simplicity to fabricate 
and erect, which reduces labor costs, and the dependability of high strength bolts.  A possibility 
for a bolted connection is shown on the right in Figure 1 and can provide some strength while 
also providing the ductility that was lost on the fully welded connection.  Furthermore, bolted 
connections could increase the redundancy within a structural system thus addressing the fourth 
problem with the fully welded connection.  A Top and Seat Angle connection can be full or 
partial-strength, classified as PR, and is a very ductile connection.  Partial strength is also 
commonly referred to as semi-rigid. Semi-rigid frames are particularly of interest in low-rise 
buildings where they can typically provide adequate resistance (Schrauben, 1999). 
1.1 Objective 
The objective of this research is to develop a model, using finite element analysis and 
damage mechanics, which can accurately predict modes of failure in top and seat angle 
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connections.  Failure by means of tension bolt failure is of greatest concern and therefore will be 
investigated first.  This will be followed by models capable of predicting angle and beam failure, 
resulting in one modeling procedure for all three. 
 
1.2 Outline 
Chapter 2, BACKGROUND, presents a summary of research done in the field of TSA 
connections as well as fracture mechanics and the application of this in finite element.  Chapter 
3, PROCEDURAL OUTLINE, gives a broad overview of the modeling technique and outlines 
the approach for the work herein.  Chapter 4, MODELING METHODOLOGY, describes the 
finite element process which applied to all models.  In Chapter 5, FINITE ELEMENT 
MODELS, the details specific to each analysis are described.  Chapter 6, ANALYSIS OF 
RESULTS, shows what came of each analysis and what thoughts can be drawn from each. 
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Chapter 2: Background 
2.1 SAC subtask 7.03 
 The SAC subtask 7.03, which was awarded to Georgia Tech, was carried out in part by 
Schrauben in 1999 and focused on bolted alternatives to fully welded connections.  Specifically, 
Schrauben’s work focused on the testing of TSA and T-Stub connections in full scale tests.  The 
strength, deflection, and failure results of these tests were then compared to the results of 
previous component tests carried out by other researchers in the subtask.  The goals of this work 
were to observe and document all data associated with the four tests and evaluate the strength, 
stiffness, and ductility of those connections. 
 
2.1.1 Top-and-Seat Angle Testing 
 In total, four full scale connections were tested of which two were top and seat angle 
designs and will be the focus of the research in this paper.  Because a main focus of this work 
was to collect data, the report is very through and information-rich making these ideal tests to 
reproduce with minimal assumptions.  Schrauben’s work contains loading histories, mill reports, 
coupon cutout testing, exact configurations, and detailed result plots.  These tests were 
performed with a pin-pin column laying horizontal, the beam extending up vertically, and the tip 
being displaced within the plane of the beam as seen in Figure 2-1. 
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Figure 2-1: Typical Test Configuration 
Schrauben found that the TSA connections performed better as a whole than the respective 
individual components did during component testing.  This however was not true for the T-stub 
connections that were also tested, which were relatively similar.  Although the FS-01 connection 
was predicted to fail in the tension bolts, and did so, the component failure tests required only 
134 Kips to fracture a bolt while the full scale connection required 204 kips for failure.  This was 
attributed to the presence of shear and local bending which was not present in the component 
tests, as well as the complex hinging action in the angles.  These connections were tested with 
cyclic loading while this research will focus on monotonic loading, but the results of these tests 
will still be integral to the work herein.  Figure 2-2 shows the load-displacement plot of the FS-
01 connection which will be simulated and used for validation purposes. 
Actuator 
Pins (Typ.) 
Beam 
Column 
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3Figure 2-2: Load-Displacement for the Full Scale FS-01 Connection (Schrauben, 1999) 
 
2.1.2 Finite Element Modeling 
 Ruffley conducted research in 2011 at the University of Cincinnati in which the goal was 
to present a verified procedure for modeling bolted top and seat angle connections using finite 
element software.  Upon completion of developing such a procedure, load displacement values 
from the finite element model were compared with the test data from Schrauben and were 
verified.  The various models created were capable of predicting tension bolt failure, shear bolt 
failure, and block shear failure; the first of which is of interest for this study.  Failure was 
observed by studying Equivalent Plastic Strain (PEEQ) contour plots and seeing how the color 
representing ultimate plastic strain propagated.   
 ABAQUS Standard, referred to from now on as Standard, was the finite element analysis 
(FEA) software used in Ruffley’s work.  Each of the components from the experimental tests 
were created as individual parts in the same model and then assembled to create the full 
connection.  On the smaller level, each part was partitioned into specific regions depending on 
the expected results of that section.  Each of these partitions was then assigned a mesh which 
corresponded to the expected outcome at that location; locations which were expected to see 
large amounts of stress and deformation were given a very fine mesh while other locations 
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received a coarser mesh.  Of special importance, the bolts were modeled as a singular part but 
then had a portion of the shaft hollowed to represent the net section in the threads.  Each part was 
given true material properties based on the large pool of data from the testing described in 
Section 2.1.1.  The results of this modeling procedure matched the experimental testing so well 
that only a 1.7% difference was seen in the maximum load.  It is important to note that though 
Ruffley was able to match the elastic and plastic sections of the curve relatively well, the model 
did not predict failure.  Standard continues to redistribute stresses even once the defined ultimate 
plastic strain is reached; this will be explained thoroughly in the following section.  Therefore, it 
would be inaccurate to say that the model failed at the same point as the full scale test, it was 
simply stopped after 7.22” displacement, the distance just after the real test failed. 
 
2.2 Damage 
2.2.1 Damage Mechanics 
 Mild steel, which is most commonly used in civil engineering applications, typically 
exhibits large amounts of plasticity before failing in ductile fracture.  Fracture itself is a very 
complex nonlinear phenomena for which there is no single governing equation for all materials 
and instances.  Ductile fracture in metals is commonly described to be a four step process in 
which the metal undergoes micro void nucleation, void growth and localized strain, necking, and 
void coalescence as shown in figure 2-3 (Chi et al 2006). 
 
4Figure 2-3: Phases of Ductile Fracture in Metals (Chi et al 2006) 
The presence of voids within a material is due to a break in interfacial bonds between secondary 
particles and the material matrix.  Strain will then lead to the growth of these voids and a number 
of voids which are aligned will cause localized plastic strain between them.  This is followed by 
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the material between each void acting like a tensile coupon and necking under continued load.  
Finally the voids begin to combine along the line of localized strain and a crack is initiated.   
 
2.2.2 Damage in ABAQUS 
 ABAQUS Explicit, referred to herein as Explicit, has the ability to model failure of an 
element because it is a dynamic solver whereas standard is not.  EXPLICIT provides several 
methods in which damage mechanics can be implemented.  The user’s manual provides the 
following graphic in Figure 2-4 as a visual way of explaining how damage is applied to a model 
(ABAQUS 2012a). 
 
5Figure 2-4: Stress-Strain Response in ABAQUS 
From the figure, lines leading to points 1 and 2 represent the elastic and strain hardening regions 
of a typical metal stress strain plot.  Point 2 is where the choice in solver and application of 
damage becomes important.  If damage is not applied to a model and only an elastic plastic curve 
defined, then the model will continue to follow a straight line beyond that point just as the dotted 
line does.  This is the case for Ruffley’s work using Standard.  However, when damage is 
defined, point 2 represents the point where damage initiation begins.  Damage evolution is the 
movement from point 2 to 3 until ultimate failure occurs at point 3.  The softening curve between 
points 2 and 3 is based on the concepts presented in “An Analysis of Crack Formation and Crack 
Growth in Concrete by Means of Fracture Mechanics and Finite Elements” (Hillerborg et al 
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1976).  The fundamental piece of information from this work being that a material continues to 
have tensile capacity up until a respective crack width. 
 
2.2.3 Metal Testing   
 Failure of models such as the critical strain model to account for several key factors that 
affect ductile initiation led researchers to investigate other parameters having an influence on 
failure.  This led to the research of H. Hooputra and his publication “A Comprehensive Failure 
Model for Crashworthiness Simulation of Aluminum Extrusions” (Hooputra et al 2004) which 
focuses on the triaxiality and strain rate of a specimen both being integral to failure initiation.  
Triaxiality is defined as: 
𝑇 =
𝜎𝑚
𝜎𝑒
      (Eqn. 2-1) 
Where σm= mean or hydrostatic stress; and σe= effective or von Mises stress.  As previously 
stated, Hooputra found that the strain rate also has a large impact on the strain at fracture 
initiation, meaning that fracture could initiate at several different strains depending on these two 
parameters.  To create a full failure loci, tests were performed on EN AW-7108 T6 automobile 
grade aluminum at quasi-static (0.001s-1) and dynamic (250s-1) strain rates and different values 
of triaxiality to create 57 combinations of the two parameters.  The triaxiality can be varied in a 
CNT (circumferentially notched tension bars) test by varying the depth of the notch.  The full 
test data is given in Appendix D. 
 On the same track of this work, in 2009 Myers, Kanvinde, and Deierlein published a 
report entitled “Testing and Probabilistic Simulation of Ductile Fracture Initiation in Structural 
Steel and Weldments” from the Blume Earthquake Engineering Center.  The focus of their work 
was to calibrate parameters for two other fracture mechanics models, the SMCS and VGM, to 
common steels.  While these models will not be implemented in this work, along the way to 
obtaining the necessary parameters for them, Myers et al recorded monotonic test data from CNT 
tests on A36, A572, and A992 steel specimens.  The specimens were cut from wide flange 
sections, plates, and rods, and were oriented in both longitudinal and transverse directions.  This 
damage data can be found in Appendix D along with the Hooputra data. 
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2.2.4 Modeling with Aluminum Data 
 Wurzelbacher conducted research in 2012 at the University of Cincinnati in which he 
presented a model for prediction of fracture initiation using FEA.  This was accomplished by 
implementing the material failure envelopes developed by Hooputra into Explicit.  
Wurzelbacher’s work followed the procedure of Ruffley, with minor modifications, and focused 
on validating failure in component tests.  The criterion was scaled to match the initial fracture in 
five common materials: A36, A588, A992, A325, and A490 steels.  This resulted in a failure 
model which could predict the first initial fracture, however the propagation of any failure was 
still relevant to aluminum rather than the respective steel.  It was found that a scale factor of 0.8 
was best fit for A36 bar material.  A simplified model for bolts was presented in which A325 and 
A490 bolts were used in pure tension and pure shear tests and were found to properly represent 
the onset of fracture with a scale factor of 1.0 (unmodified).  Lastly, A992 T-sections required a 
scale factor of 2.0 (Wurzelbacher 2012).  A full scale connection was modeled using A992 
material for T-stub components and was found to match well with previously conducted 
experimental tests.  Regarding damage evolution, previously discussed in section 2.2.2, 
Wurzelbacher suggests that a tabular value of 0 be used when modeling structural steels.  This is 
due to the relatively instant start and propagation of a crack in a failed tension test specimen 
(Wurzelbacher 2012). 
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Chapter 3: Procedural Outline 
 The following aims to outline the specific steps taken to achieve the previously stated 
objectives of this work.  This includes small component models intended to target specific 
properties, full scale models, and failure loci development and application.  Preliminary steps 
were carried out using Standard to save time, with the final stages of the procedure being 
completed with Explicit. 
 TSA connections were investigated by Swanson (Swanson, 1999) and Schrauben 
(Schrauben, 1999) at Georgia Tech in 1999 in response to the Northridge earthquake which left 
immense damage to the region.  They aimed to investigate the performance of the TSA 
connection in earthquake loading scenarios.  This work was replicated using FEA in part by 
Ruffley (Ruffley, 2011) and Wurzelbacher (Wurzelbacher, 2012).  The procedure for modeling 
full connections in this work follows a combined flow of work from the previous two 
publications. 
 Initially, full scale models were built in Standard because this was the same solver used 
by Ruffley and it is less computationally intense than Explicit.  Once reasonable agreement was 
found between this work and the previous research, the models were converted over to using the 
Explicit solver so that the dynamic event of failure could be investigated.  This presented several 
unforeseen challenges, some of which had to be investigated individually. 
 Small component models were developed to discover how the known modeling 
techniques for Standard had to be changed to accommodate Explicit.  These models investigated 
element behavior, contact interaction, and slip.  These small models were an iterative process 
and allowed the work to continue at a reasonable pace rather than running one large model a day. 
 While in the work of Wurzelbacher the Aluminum Instability, Ductile, and Shear (IDS) 
criterion was successfully scaled to match the first fracture of several steels, the literature review 
portion of this work revealed true fracture data from testing on several of those same steels.  This 
new data replaced the scaled aluminum data and was applied to the material definition of each 
respective part in the models.  However, the research done by Myers et al did not investigate any 
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A325 or A490 bolt material; for this reason the unscaled Hooputra data recommended by 
Wurzelbacher (Wurzelbacher, 2012) was used. 
The modeling procedure was verified by means of comparing force versus displacement 
plots form the FS-01 test to a plot developed from the model.  Upon completion of the models 
and successful correlation with the formerly mentioned full scale test results, the completed 
procedure was then implemented to build a model in which other failure modes could be 
investigated/reproduced.  The result was to show that the method was encompassing to include 
any type of failure in the connection that governed the design. 
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Chapter 4: Modeling Methodology 
This chapter aims to outline the specifics of the finite element modeling process used in 
this work.  All finite element models were built and run using ABAQUS Ver. 6.13 under the 
licensing of the University of Cincinnati.  As stated previously, Standard was used to model the 
initial stages of this research while the final stages utilized the Explicit solver.  It is important to 
understand the reasoning behind this switch and how it affected the results of this work.  
Standard is an implicit integration method while Explicit is an explicit integration method and 
can handle discontinuous events and nonlinear events with greater ease.  Since the focus of this 
work involves pushing materials far into the plastic region and eventually to the dynamic event 
of fracture, explicit is the only logical choice.   
The following methodology adheres mostly to the step by step modeling procedure 
originally presented in the work of Ruffley (Ruffley, 2011). 
 
4.1 Parts 
 The part is the basic building block of an ABAQUS finite element model.  Parts can be 
created several ways, for this work the methods of extrusion and revolution were utilized.  
Initially, all parts were drawn in a 2D plane, and then extruded the full width, depth, or length of 
the member; or in the case of the bolts, half the bolt was modeled in a 2D plane and then 
revolved around an axis 360° to form the part.  In prior works, some have ignored the k-zone of 
the beams and columns making simple 90° angles and citing that the intent was not to fail in 
either member.  However, since this work is meant to be inclusive of all scenarios, the k-zones 
were modeled.  These regions create difficulties when it comes to meshing the parts because of 
the complex shape.  Partitioning was utilized very liberally in this work, with the first use being 
to separate the k-zones.  Partitioning an object allows the user to fix a mesh around a complex 
region such as fillets and holes and also allows the mesh to be changed from one size to another.  
This is especially useful because smaller mesh sizes lead to more accurate results, but also 
increase the degrees of freedom in the model.  There is a direct relationship between degrees of 
freedom and the computation time required.  Therefore localizing small meshes through 
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partitioning allows a model to be optimized.  All bolt holes were created after the 3D part was 
extruded and were modeled as the nominal dimension of 1/16” larger than the respective bolt 
diameters.  It is common practice in design to add an additional 1/16” to the diameter of the hole 
to account for abnormalities in cutting the hole.  However, since all parts are modeled as perfect 
shapes in finite element, only 1/16” increase in size from the bolt diameter was used.   
The bolts themselves were modeled as a single entity with the head, shank, washer, and 
nut all in one.  The washer diameter was used for the washer and nut section while the length 
was the combined height of the two.  The bolt head and nut were modeled in a round shape to 
simplify the procedure.  All dimensions for the bolts were taken from AISC Table 7-14, 
“Dimensions of High-Strength Fasteners” (AISC 2011).  In component tests of these bolts the 
thread was excluded from the shear plane, but this was not true for the full scale test.  To account 
for the loss of area in the shear plane due to the presence of threads a procedure presented by 
Ruffley to find an effective area was followed.  In this procedure a void is created in the shank of 
the bolt which is dependent on the number of threads per inch.  The diameter of said void was 
calculated by: 
𝑑𝑣𝑜𝑖𝑑 = √1.9486
𝑑
𝑛
−
0.94926
𝑛2
      Eq. 4-1 
Where d is the nominal bolt diameter and n is the number of threads per inch.  For a detailed 
explanation of this equation, see the Ruffley’s report. 
 
4.2 Materials 
4.2.1 Basic Properties 
 ABAQUS allows material input for numerous properties from the common elastic 
properties to failure envelopes.  However, before any properties are used, it should be noted that 
ABAQUS uses true stress and true strain values.  In practice, engineering stress and strain are 
predominantly used.  The difference being that true stress/strain utilizes the actual cross sectional 
area of the material continuously in a test whereas engineering stress/strain utilizes the nominal 
cross sectional area at the start of the test all the way through.  Materials will neck during a 
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tension test however this is generally assumed to be negligible by engineers.  The materials from 
Schrauben’s tests also came with mill reports and test data, but this data is in engineering units. 
𝜀𝑡𝑟𝑢𝑒 = ln(1 + 𝜀𝑒𝑛𝑔)     Eq. 4-2 
𝜎𝑡𝑟𝑢𝑒 = 𝜎𝑒𝑛𝑔(1 + 𝜀𝑡𝑟𝑢𝑒)    Eq. 4-3 
The equations shown above allowed for simple conversion from the given material data.  The 
aforementioned mill reports provided elastic and plastic properties for the FS-01 model; these 
properties were carried through to the remaining models thereafter.  Though Standard does not 
require a material density to be defined, Explicit does.  Wurzelbacher looked into the definition 
of density in models and found a value of 0.1 Kips/in3 (Wurzelbacher, 2012).  This value is much 
larger than 0.000284 kips/in3, the true value for steel, yet it would require an exponentially larger 
amount of computation time.  Figure 4-1 shows the results of Wurzelbacher’s study, and 
therefore the value of 0.1 kips/in3 was used in all models.   
 
6Figure 4-1 Density Sensitivity Analysis (Wurzelbacher 2012) 
4.2.2 Expansion 
 Pretensioning bolts is a common practice for connections, even for those that are not slip 
critical.  The FS-01 connection had pretensioned bolts and therefore pretensioning was utilized in 
all finite element models along with this work.  This was accomplished by applying a calculated 
temperature gradient to the shank of the bolts causing the shanks to contract and develop the 
desired force.  Ruffley presented the following equations to complete this process: 
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𝜎 = 𝐸𝜀      Eq. 4-3 
𝜀𝑇 = 𝛼∆𝑇      Eq. 4-4 
𝜎 =
𝑃𝑏
𝐴𝑏
       Eq. 4-5 
𝑃𝑏
𝐴𝑏
= 𝐸(𝛼∆𝑇)      Eq. 4-6 
∆𝑇 =
𝑃𝑏
𝐴𝑏𝐸𝛼
      Eq. 4-7 
From above, E is the Young’s Modulus, ε is strain, α is the coefficient of thermal expansion, ΔT 
is temperature change, Pb is the minimum pretension force, and Ab is the nominal area of the bolt 
shank (Ruffley 2011).  The values of Young’s modulus and the coefficient of thermal expansion 
were input as 29,000 ksi and 6.6x10-6  strain per degree Fahrenheit respectively. 
 
4.2.3 Damage 
 An option within the material properties allows the user to input damage criteria based on 
several methods, this work explores only the Ductile Damage and Shear Damage options.  The 
ductile damage option requires the input of fracture strain, stress triaxiality, and strain rate.  
Damage data that was found and explained in Chapter 2 was manipulated and input here in order 
of increasing strain rate.  The aluminum data, which can be found in Appendix D, contained all 
the required parameters and was therefore input unchanged.  Conversely, the steel data that was 
found did not include a strain rate, and contained multiple fracture strains for each triaxiality.  It 
was assumed that all steel experiments were conducted at a quasi-static rate and 0.0001 was 
arbitrarily chosen for all the steel.  Since each value of triaxiality can only be input once, the 
multiple fracture strains were averaged, creating a much smaller pool of data which is shown for 
A36 steel in Table 4-1.  A sub option to damage is the damage evolution, which defines how 
much deformation an element can withstand once cracked before total failure and thus deletion 
from the model.  This was discussed in depth and with a graphical figure in section 2.2.2.  The 
linear form of damage evolution based on effective plastic displacement was selected; due to the 
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rather sudden nature of tensile fracture once a specimen has elongated, a value of 0.1 was used 
for the effective plastic deformation in all models. 
 
1Table 4-1: A36 Steel Damage Data 
Material Test# 
Δf  
(mm) 
Δf  (in) T εp 
A36 
18 0.91 0.036 0.92 0.81 
19 0.93 0.037 0.92 0.81 
17 0.91 0.036 0.92 0.83 
  0.92 0.036 0.92 0.82 
4 1.68 0.066 0.95 0.64 
2 1.70 0.067 0.95 0.66 
3 1.71 0.067 0.95 0.66 
1 1.70 0.067 0.95 0.67 
  1.70 0.067 0.95 0.66 
12 1.05 0.041 1.00 0.67 
10 1.08 0.043 1.00 0.71 
  1.07 0.042 1.00 0.69 
9 0.97 0.038 1.01 0.61 
11 1.07 0.042 1.01 0.66 
  1.02 0.040 1.01 0.64 
21 0.64 0.025 1.13 0.56 
20 0.52 0.020 1.14 0.48 
22 0.64 0.025 1.14 0.52 
  0.58 0.023 1.14 0.50 
23 0.79 0.031 1.15 0.53 
6 1.30 0.051 1.17 0.52 
7 1.20 0.047 1.17 0.52 
  1.25 0.049 1.17 0.52 
5 1.27 0.050 1.18 0.51 
8 1.30 0.051 1.18 0.51 
  1.29 0.051 1.18 0.51 
15 0.61 0.024 1.29 0.44 
14 0.62 0.024 1.29 0.45 
  0.62 0.024 1.29 0.45 
13 0.54 0.021 1.36 0.32 
16 0.59 0.023 1.39 0.30 
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4.3 Mesh 
 Just as the part is the basic building block of the assembly, the elements are the basic 
building blocks of the parts.  Elements can be defined as plate, shell, or solid, as well as 2D or 
3D.  All models herein were modeled using 3D solid elements with the number of nodes per 
element being the only item to change.  Also, the element can be analyzed fully or utilize a 
reduced integration method.  Reduced integration was not used in the final procedure because it 
was found to soften the element too much.  Using the reduced integration elements has the 
advantage of hourglass control, but fewer Gauss points also means less higher order terms are 
found in the stiffness matrix.  This leads to a softening effect on the model. (Wurzelbacher, 
2012).  The element library in Explicit is less extensive than that in Standard.  The highest order 
element available in the Explicit package is an 8-node brick, while Standard offers a 20-node 
brick; a visual representation of these can be seen in figure 4-2.  This 20-node element was used 
in past work along with the initial stages of this work for comparison purposes, but then the 8 
node element was used in standard and explicit thereafter.  It is recommended to use the C3D8 
element in standard as well, if failure analysis is the goal, so as to minimize changes between the 
standard and explicit packages.  And since failure analysis is the goal of this work, element 
removal is a very important sub-option of the mesh element properties that must be addressed.  
Element deletion in an explicit analysis must be activated for the damage data discussed in the 
previous section to have any effect on removing elements from the simulation. 
 
7Figure 4-2: 3D Solid 8 Node & 20 Node Elements 
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4.3.1 Mesh Sensitivity Analysis 
 The fineness or coarseness of a mesh is controlled by the seed sizes.  Think of the seeds 
as the grid on which the elements are laid.  Larger seed sizes lead to larger elements, and vice 
versa smaller elements are due to smaller seed sizes.  It has been explained previously that 
partitioning was used liberally to allow for different element sizes.  For each section of a part, 
different seed sizes were used according to the anticipated results from that region.  For example, 
the column, which was not expected to fail in any of the designs was given a seed size of 4 
resulting in very large elements.  Conversely, the angles which have the possibility to undergo 
large amounts of yielding were given seed sizes of 0.3.  The seed sizes used for each part will be 
discussed in chapter 5.  During the course of converting models from Standard to Explicit it was 
found that though elastic and plastic portions of force vs displacement plots were in agreement, 
the slip plateau was significantly shorter.  Since the full models are very computationally intense, 
a side study involving plate-plate-bolt models was employed.  An assembled view of the model 
can be seen in figure 4-3.  All material properties were carried over from the full models to this 
one, only a new assembly was created.  The purpose of this model was to investigate the 
reasoning for the slip difference between Standard and Explicit.  In this model, the bolt was 
pretensioned to the same force as in the full models.  Then, while boundary conditions held the 
bottom plate in place, the top plate was pulled in the x direction.  Standard and Explicit models 
were compared and the same initial problem was discovered in the small model of early load 
pickup from the Explicit model.  This is shown in Figure 4-4 lines 1 & 3.  The seed size around 
the bolt holes of 0.3 was creating elements that were too large, not allowing a very rounded 
surface inside the hole.  This error was assumed to not be a problem in Standard because of the 
makeup of the software.  Standard does not allow the nodes on the slave surface to penetrate into 
the master surface, however master surface nodes can penetrate in slave surface.  Explicit 
provides a balanced approach in which neither sets of nodes will penetrate the other, generally 
providing a more accurate result (ABAQUS 2012a).  By utilizing a smaller seed (0.2) in both 
Standard and Explicit, the slip plateaus were found to be in much better agreement with one 
another as seen in lines 2 &4.  As discussed previously smaller seeds lead to more computation 
time, therefore tests were run which still had the larger seed size on the part while keeping the 
smaller 0.2 on the perimeter of the hole.  This, seen in lines 5 & 6, worked well with the previous 
results.  Therefore a seed of 0.2 was used around all bolt holes in all models. 
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8Figure 4-3: Plate – Plate – Bolt Assembly 
 
9Figure 4-4: Force vs Displacement of Plate-Plate-Bolt 
 
4.4 Steps 
 Steps define the order of events which take place in the finite element models.  Each 
model for this work consisted of three steps, one of which is a default step, and two were created.  
Among the two types of solvers used, each package utilized a solver-specific step type.  These 
types were the “Static – General” step which was utilized for the Standard solver, and the 
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“Explicit, Dynamic” step was used in Explicit.  For each step, the most important parameter that 
must be input is the time period over which the step takes place; this is where the Standard and 
Explicit models vary.  A time period in Standard correlates to the percent of the analysis to 
complete (Ex. 1=100%); but in Explicit it correlates to the total time required to complete the 
step.   
The “Initial” step does not have a type, it is the default in ABAQUS and defines how the 
model begins; for this step nothing was altered besides the default parameters.  Next, each model 
defined a “Pretension” step during which time the previously discussed temperature gradient is 
applied to tighten the bolts.  In both Standard and Explicit, the time period for this step was 1; 
dynamic effects were not of concern from tightening bolts quickly.  Lastly, a step called 
“Displacement” moved the tip of the beam in connection downward.  For this step, the time 
period was set to 1 in Standard models and varied in the Explicit models but always using a rate 
of 0.5 in/min to calculate the necessary period.  These periods will be documented with each 
model in the next chapter. 
 
4.5 Interactions 
 Along with having different step types between the solver packages, contact was defined 
differently but found to have similar results either way.  Contact surfaces are simply pairs of 
surfaces that touch or could at any point during the analysis come into contact with one another.  
Each contact surface is assigned an interaction property which acts somewhat like a material 
property.  All surfaces were assigned an interaction property with the normal behavior enabled 
and using the default hard contact.  Tangential behavior was also defined which allowed the 
definition of a slip coefficient for the surfaces.  Defining the slip coefficient was an iterative 
process; after several models it was found that a value of 0.48 best matched the slip plateau from 
experimental results.  Ruffley did a small side project in his work analyzing several slip 
coefficients and came to the conclusion that, “given the inherent variability of slip coefficients, 
there is no guarantee the slip coefficient that matches the experimental results is at all indicative 
of other experimental tests” (Ruffley, 2011).  With that said, the slip coefficient that best 
matched the experimental results was used for all models in this work. 
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 These contact surfaces were defined in Standard using the find contact pairs tool which 
automatically found all possible pairs and applied the interaction property.  Contact pairs is 
available in Explicit, however for Explicit the user’s manual recommends using the general 
contact definition.  For general contact an interaction property is still defined, but there are no 
specific surfaces.  The model simply applies the contact property anytime surfaces touch one 
another.  In order to justify the switch, the plate-bolt-plate model was revisited and analyzed with 
each respective contact property and solver.  The corresponding force vs displacement plot, 
found in Figure 4-5 was found to match extremely well, so general contact was used in all 
explicit models. 
 
 
10Figure 4-5: Slip Study for General Contact 
 
4.6 Constraints & Restraints 
 Two different types of constraints were used in this work.  Kinematic coupling 
constraints were used to constrain groups of nodes to a single point, and tie constraints were used 
to connect surfaces together.  The simpler of the two, the tie, was utilized only where welds were 
present; i.e., the shear tab connection to the column and at the continuity plates.  A tie was 
utilized here rather than something defined with the true weld strength because the weld strength 
was not being investigated in this work.  The weld was assumed to withstand any loading it was 
subjected to.  Second, for loads and boundary condition restraints, rather than using surfaces, a 
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kinematic coupling restraint was used to constrain all selected nodes to one node.  All degrees of 
freedom were restrained in these instances, which meant all the slave nodes moved as a rigid 
surface in conjunction with the master node.  The boundary condition or loading was 
subsequently applied to the master node only. 
 
4.6.1 Amplitudes 
 Each boundary condition has an option of how the condition is to be applied.  Within 
Standard, the default is a simple ramp function the increases from 0% to 100% over the course of 
the step in which the condition is applied.  This was utilized for all loads in Standard while all 
stability conditions were applied instantly at the start of the step.  Explicit defaults to applying 
everything instantaneously; while this is useful for stability, localized deformation from loads 
can be a problem.  Therefore in Explicit, amplitudes were defined for each step using the tabular 
function.  This allows the user to input values for the time period and amplitude.  Values of 0 and 
T were used for the time period, where T is the period defined in the step; while values of 0 and 
1 were used for the amplitude.  The result was a load that linearly applied from 0 to 100% over 
the course of the entire period. 
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Chapter 5: Finite Element Models 
 Since this work was iterative in nature, numerous finite element models were created to 
test and confirm ideas.  This chapter aims to describe each of the final models resulting from this 
research. 
5.1 TSA-1 Connection 
 
11Figure 5-1: TSA-1 Assembly 
Based on the full scale test done at Georgia Tech, this assembly included: 
 10’-9” W14x145 Column 
 14’-4 2/3” W18x40 Beam 
 2 - 8” long L6x8 angles, cut from an L8x8 
 PL9x3-1/8x5/16 shear tab 
 4 – 7/8” Diameter, 3 ½” Tension bolts 
 8 – 7/8” Diameter, 3” Shear bolts 
 3 – 7/8” Diameter, 2” Shear bolts 
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5.1.1 Beam 
 The TSA-1 model was built to recreate known tests by Schrauben which resulted in bolt 
failure.  This model consisted of 7 parts: beam, column, angle, shear tab, tension bolt, and two 
different shear bolts.  Each of these parts were modeled individually and then assembled in an 
assembly.  This allows multiple instances of the same part to be used without re-creating it.  The 
W18x40 beam was described in the experimental report as 15’, however the beam span was 
listed as 15’-1/2” measured from column centerline to beam tip.  For modeling purposes, it was 
assumed that beam tip refers to the location where the actuator applied the load on the beam.  
Any portion of the beam past that point would not carry any stress and was therefore not 
modeled.  The beam had a ½” setback from the column, leaving the beam to be modeled as 
172.6” which can be seen in Figure 5-2. 
 
12Figure 5-2 Dimensions and Loading Conditions for W18x40 Beam 
Once the beam was created, it was given material properties corresponding to the mill reports 
provided by Schrauben and provided in Appendix A.  These mill reports show that test coupons 
were cut from the flanges and web and then tested to find the actual strength of the material.  
Test results showed that the flanges and web had varying property values so it was decided to 
apply the average of the flange properties to the model.  This assumption limited the complexity 
of the model and was assumed to be accurate since the flange will govern the bending behavior 
of the section.   
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The beam was the most extensively partitioned part, receiving 12 partitions to allow for 
refined meshing.  Each fillet region received four partitions; one to separate the flange, one to 
separate the web, and one on each side running with the face of the web.  This completely 
separated the fillet region and allowed for uniform elements through the web and flanges.  The 
flanges were both partitioned at the mid-thickness of the flanges.  Though the flanges were thin 
enough to not require this, it was desired to have at least two elements in the flanges.  Lastly, 
partitions were created so that looking at the elevation view of the beam it was broken into 3 
sections.  This was done so that a fine mesh could be used closest to the connection, and a 
coarser mesh further away from the critical section could be used to reduce computation time.  
This partitioning scheme allowed the use of a 0.3 seed size closest to the column, a seed size of 1 
in the middle section, and a seed size of 3 furthest away from the connection.  This resulted in 
2689, 2392, and 2080 elements respectively.  All elements were defined as C3D8.  It should be 
noted that per the investigation discussed in chapter 4, the bolt holes were individually seeded at 
0.2.   
At the end of the beam where the load was to be applied, a kinematic coupling constraint 
tied all nodes on the end of the beam to a single point at the web mid depth.  It was at this point 
that the displacement load was applied based on experimental results.  The full scale testing of 
this connection resulted in tension bolt failure after 7.22” of vertical displacement.  To ensure 
that the bolts failed in the finite element model, a total displacement of 8” was defined at the end 
of the beam.  The partitioning scheme, as well as the end loading constraint can be seen in Figure 
5-3. 
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13Figure 5-3: TSA-1 Beam Partitioning, Meshing, & Constraint 
 
5.1.2 Column 
The column was partitioned along its cross section identically to the beam but was not 
partitioned perpendicular to the length.  Since the column was not expected to see large stresses 
or deformations a seed size of 4 was selected with C3D8 elements for its’ entire height.  Again, 
the bolt holes were seeded individually; this resulted in 679 elements.  The partitions allowed for 
very rectangular grids to be formed in the web and majority of the flanges, see Figure 5-4.  The 
top and bottom of the column were constrained to a single point just as the tip of the beam was as 
shown in Figure 5-3.  This allowed for the pin-pin connection to be defined by a single point at 
the top and a single point at the bottom.  The reference points were allowed to rotate around the z 
axis (perpendicular to the beam span) but fixed in all other directions.  As was the case with the 
beam properties, mill reports provided different properties for the flanges and webs of the 
column.  To simplify the model, and because the connection was at the face of the flange, the 
flange material properties were used over the entire column. 
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14Figure 5-4: TSA-1 Column Partitioning and Meshing 
 
5.1.3 Angles & Shear Tab 
  The top and seat angles of the connection were identical allowing only a single part to be 
modeled.  The angle was partitioned twice, once where each leg of the angle entered the k-zone.  
The shear tab was partitioned through each of the shear bolt slots as well as one more time at 
each end of the slot, parallel to the long edge, making a total of five partitions to allow for better 
meshing.  The angles and shear tab are grouped together here because the same material 
properties were used for both.  Mill reports provided elastic/plastic properties for the angles but 
nothing was provided for the shear tab.  However, since both were A36 material, the angle 
properties were used for the shear tab in the finite element model.  Ductile damage properties 
were applied relative to the A36 properties given in Appendix D.  The angle was expected to 
undergo significant deformations and a hinging action, therefore a very fine mesh with a seed of 
0.3 was applied to the whole part, except the bolt holes which were 0.2.  This resulted in three 
layers of elements through the thickness of the angle and a total of 5,916 C3D8 elements, 
displayed in Figure 5-5.  Not expected to fail, yet very close to the yielding behavior, the shear 
tab was assigned a seed of 0.35.  The result was a double layer of elements in through thickness 
and 488 C3D8 elements.  The angle did not have any constraints on it, while the shear tab was 
tied to the column face to represent a weld.  This was a surface-to-surface tie in which the 
column was the master surface and the tab was the slave surface. 
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15Figure 5-5: TSA-1 Shear Tab & Angle Mesh 
 
5.1.4 Bolts 
 
The general modeling of the bolts was discussed in chapter 4.  For this connection, 3 
different length bolts were modeled.  The bolts were partitioned three times, once at each end of 
the shank, as well as once at the depth of the void in the shaft.  Per Equation 4-1, the void in the 
bottom of the bolts was modeled to the values shown in table 5-1. 
2Table 5-1: TSA-1 Connection Bolts Modeling Properties 
Bolt 
Grip 
 
(in) 
Bolt 
Length 
(in) 
Thread 
Length 
(in) 
Thread 
in Grip 
(in) 
Nut/Washer 
Length 
(in) 
Void 
Depth 
(in) 
Bolt 
Diameter 
(in) 
Threads 
per Inch 
Void 
Diameter 
(in) 
Tension 2.09 3.5 
1.5 
0.09 
1.036 
1.126 
7/8 9 0.4216 Shear-1 1.525 3.0 0.025 1.061 
Shear-2 0.628 2.0 0.1275 1.164 
 
Partitioning such a small object greatly aided in the meshing of these parts.  This was 
made even easier by the extremely small seed sizes used; the finite elements are all on cube 
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shape and therefore have straight edges, and the smaller seed size allowed for a more round 
object.  For the tension bolts, a seed size of 0.18 was used and resulted in 1,163 elements.  The 
shear bolts connecting the angle and beam were also given a seed of 0.18, resulting in 1,082 
elements.  The shear bolts connecting the beam web and shear tab, being less likely to see 
deformation, were given a seed of 0.22 which resulted in 546 elements.  The resulting bolt with 
meshed elements and shank void can be seen in Figure 5-6.  All bolts were built from C3D8 
elements.  For the bolt material, the bolts were defined as elastic perfectly plastic with a Young’s 
Modulus of 29,000 ksi and yield stress of 165 ksi.  For the ductile and shear damage properties, 
the data which was presented by Hooputra (2004) was used here in the absence of any true test 
data for the bolt material. 
 
16Figure 5-6: TSA-1 Bolt with Visible Void 
Restraints were placed on the head of each bolt at the beginning of the analysis which 
were fixed in all directions, keeping the model from collapsing prior to it running.  Then, the 
restraints were relaxed in the respective longitudinal directions while the bolt was pretensioned.  
Lastly, the restraints were made inactive during loading to allow rotation and movement. 
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5.1.5 General Information 
 During the pretension step a temperature change of -686 degrees Fahrenheit was applied 
to the shanks of all bolts to achieve the desired pretension force.  This temperature change was 
calculated by manipulating thermal expansion equations which can be found in Appendix B.  A 
coefficient of thermal expansion of 6.6 x 10-6 strain per degree Fahrenheit was used, along with 
the normal Young’s Modulus of 29,000 ksi.  This step was a dynamic explicit step with the time 
period set to 1 second because dynamic effects were not of concern from heat change.  The 
loading step, also dynamic explicit, enacted the beam tip displacement boundary condition.  In 
an effort to reduce the dynamic effects of loading the beam too quickly, the displacement was 
applied at a rate of about 0.45 in/min.  This resulted in the step being assigned a time period of 
1,080 seconds with the remainder of the options being left to default.  
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5.2 TSA-2 Connection 
 
17Figure 5-7 TSA-2 Assembly 
Based on a design procedure presented by Schippers (2012), this assembly includes: 
 10’-0” W14x211 column 
 12’-6” W16x31 beam 
 2- 11” wide L5 x 11 1/4 (long leg horizontal) x 1” thick angles 
 16 - 3/4” diameter shear bolts 
 4- 1 1/4“ diameter tension bolts 
 PL81/2 x 31/2 x 3/8” shear tab 
 3 - 3/4” diameter shear tab bolts 
 4 - 12.58x7.4x7/8” continuity plates with 1” clips for the column k-zone 
5.2.1 Beam 
 Currently, TSA connections are considered only partially restrained making them 
ineligible for use in seismic applications which require a prequalified fully restrained connection 
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(AISC 2010). This connection was designed however to be fully restrained and isolate the failure 
of the connection in the beam, away from the column itself.  This would be an ideal in the case 
of a seismic event because then only the beam would need replacing after the event.  Also, if 
hinges form in columns, a soft story collapse could occur; keeping the localized failure away 
from the columns decreases the probability of collapse.  The increased strength of this 
connection was aided by the addition of continuity plates in the column.  In total, the TSA-2 
connection consisted of 8 parts: beam, column, angle, shear tab, continuity plates, tension bolts, 
and two different shear bolts.  Like TSA-1, each of the parts were modeled individually and then 
assembled in an assembly.  The connection was modeled for a frame in which the bay size was 
equal to 25 feet (face to face) leaving the computer model to replicate one half the length in a 
pinned configuration which can be seen in Figure 5-8. 
 
18Figure 5-8 Dimensions and Loading Conditions for W16x31 Beam 
For the material properties of the beam, the same values were carried over from the TSA-
1 connection since the values used there were true tested values.  This seemed more realistic to 
use rather than just using the nominal values of steel in this situation.  Therefore, the average of 
the beam flange properties in Appendix A were used.  This coordination among models also 
decreased variability between the models which aided in the comparison of the results from the 
two analysis.  Unlike the TSA-1 connection which was expected to fail in the bolts, this 
connection was expected to fail via the beam.  Therefore, the A992 steel fracture data discussed 
earlier was applied to the material property definition along with the basic material properties; 
these values can be found in Appendix D.   
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Since the failure was to occur in the beam, the beam was partitioned extensively to allow 
for accurate results.  Looking at the elevation of the beam, it was partitioned into four sections.  
This was done so that a fine mesh could be used closest to the connection and a coarser mesh 
farther away from the critical section.  The first partition was located 12” from the end of the 
beam which is just past the top and seat angles.  The second partition was located 24” from the 
beam connection end.  This created two 1ft sections, both of which were given a seed size of 0.3 
since the plastic hinge was expected to occur there.  This was broken into two sections rather 
than one so that a nice uniform mesh would result in the second section as can be seen in Figure 
5-9.  The third partition, located at 36”, allowed for a transition zone with a seed size of 1, and 
the remainder of the beam was assigned a seed size of 3.  Also, as discussed in chapter 4, the bolt 
holes were individually seeded at 0.2.  For this model only, the fillet region was ignored thus 
leaving a right angle connection between the flanges and web.  This eliminated several irregular 
shaped elements and in turn quickened the analysis.  Therefore a single partition separated the 
web from each flange.  This partitioning scheme resulted in 4519, 1380, 552, and 1748 elements 
in their respective sections moving away from the column.  All elements were defined as C3D8.   
A single constraint was used on the beam in this model located at the far end of the beam 
from the column.  This kinematic coupling constraint tied all nodes on the end surface to a single 
point at mid-depth and mid-thickness.  From here the displacement loading was applied.  Since 
this connection was not based on experimental results, finding the proper displacement was an 
iterative process and it was found that a deflection at the tip of the beam of 20” resulted in the 
desired failure mode.  To prevent any out of plane movements with such large displacements, a 
second displacement boundary condition was applied to the beam to represent lateral bracing.  
The bottom flange of the beam was restrained at 4 nodes; one node on each side at the first and 
third partition so that these nodes could move vertically and horizontally but not out of plane and 
could rotate freely.  The partitioning scheme, as well as the end loading constraint can be seen in 
Figure 5-9. 
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19Figure 5-9: TSA-2 Beam Partitioning, Meshing, & Constraint 
 
5.2.2 Column 
The W14x211 column was first partitioned along its cross section to separate out the 
flanges and webs from the fillet regions.  Then two additional partitions were used on the bolted 
flange going through the bolt holes horizontally.  The very nature of this connection was to 
isolate the stress and strain away from the column; with that in mind, the column was given a 
seed size of 4 for its entire length.  Again, the bolt hoes were seeded at 0.2.  This did create some 
very irregular shapes around the holes since no transition region was provided between the very 
different sizes.  This resulted in 974 C3D8 elements in the column which can be seen in Figure 
5-10.  Though a true pin-pin connection is hard to achieve in real life, in the model the top and 
bottom of the column were constrained to reference points just as the beam was, see Figure 5-9.  
The reference points were allowed to rotate around the z axis (perpendicular to the beam span) 
but fixed in all other directions.  For material properties, the same approach was taken as was 
used with the beam; the mill reports from the FS-01 experiment and presented in Appendix D 
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were used.  No damage data was input into the model for the column as it was unneeded 
information, and the researcher did not want to add to computation time and file size with 
unnecessary information. 
 
20Figure 5-10: TSA-2 Column Mesh 
 
5.2.3 Angles, Shear Tab, & Plates 
  The top and seat angles of the connection were identical allowing only a single part to be 
modeled.  This set of angles was partitioned six times, once where each leg of the angle entered 
the k-zone allowing for uniform meshing in each of the angle legs, along with perpendicular to 
the bend through each line of holes.  The shear tab was partitioned two times along the long edge 
of the part, through each end of the slot in the short slot holes to allow for better meshing.  
Lastly, the continuity plate was simply a rectangular plate with 1” clipped off 2 corners.  To 
create a uniform mesh this part was partitioned 3 times, once at each corner of the clipped edges 
parallel to the sides.  The resulting partitioned parts can be seen in Figure 5-11.  The angles, 
shear tab, and continuity plates were all assumed to be A36 steel, so the same material property 
was used in each case.  Mill reports from FS-01 provided data for the elastic/plastic properties 
for the angles and extended to the other parts.  Ductile damage and damage evolution properties 
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were applied relative to the A36 properties given in Appendix D.  Although the anticipated 
failure mode was in the beam, just to be safe a fine mesh with a seed of 0.3 was applied to the 
angles, except around the bolt holes which were 0.2.  This resulted in three layers of elements 
through the thickness of the angle and a total of 7,059 C3D8 elements, displayed in Figure 5-13.  
The shear tab was assigned an overall seed of 0.5 with 0.2 edge seeds around the slots resulting 
in 189 C3D8 elements which can be seen in Figure 5-12.  Continuity plates, expected to undergo 
no deformation, were assigned a seed size of 1 which resulted in 220 C3D8 elements. There were 
not any constraints linked to the angles, while the shear tab and continuity plates each had ties 
defined.  One face of the shear tab was tied to the column face to represent a weld, likewise three 
sides of the continuity plates were tied to the column web and flanges as welds, shown in Figure 
5-14; the small yellow points represent these tied surfaces.  This resulted in 13 ties, all of which 
were surface to surface ties having the column as the master surface and the respective part as 
the slave surface. 
   
  21Figure 5-11: TSA-2 Continuity Plate Partitioning                22Figure 5-12: TSA-2 Shear Tab Mesh  
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22Figure 5-13: TSA-2 Angle Mesh               23Figure 5-14: TSA-2 Weld Ties 
 
5.2.4 Bolts 
This connection utilized three different length bolts as well as two diameters.  For the 
general modeling of the bolts, please see chapter 4.  Though the bolts are very small, they are 
complex in shape and therefore were partitioned five times. The first two partitions were 
longitudinal in a cross formation, followed by one at each end of the shank, and one where the 
void stopped in the shaft.  This completely separated the head, shank, and nut into individual 
regions with uniform mesh.  Per Equation 4-1, the void in the bottom of the bolts was modeled 
with a specific depth and diameter shown in Table 5-2.  In the table below, Shear-1 corresponds 
to the shear bolts connecting the angles to the column/beam, and Shear-2 represents the shear 
bolts connecting the shear tab to the beam web. 
3Table 5-2: TSA-2 Connection Bolt Modeling Properties 
Bolt 
Grip 
 
(in) 
Bolt 
Length 
(in) 
Thread 
Length 
(in) 
Thread 
in Grip 
(in) 
Nut/Washer 
Length 
(in) 
Void 
Depth 
(in) 
Bolt 
Diameter 
(in) 
Threads 
per Inch 
Void 
Diameter 
(in) 
Tension 2.56 3.5 2 1.06 
1.036 
2.454 1.25 
9 
0.509 
Shear-1 1.44 3.0 1.375 - 0.726 0.75 0.388 
Shear-2 0.625 2.0 1.375 - 0.911 0.75 0.388 
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While partitioning is important to help with uniform meshing, the seed size can be equally 
important.  For the tension bolts, a seed size of 0.20 was used which resulted in 1,876 elements 
per bolt.  The shear bolts connecting the angles with the beam were also given a seed of 0.20, 
resulting in 704 elements per bolt.  Lastly, the shear bolts connecting the beam web and the shear 
tab received a seed of 0.20 which resulted in 472 elements per bolt.  All bolts were built from 
C3D8 elements and the resulting bolts with meshed elements and shank voids can be seen in 
Figure 5-15.  For the bolt material, the bolts were defined as elastic perfectly plastic with a 
Young’s Modulus of 29,000 ksi and yield stress of 165 ksi.  Since the literature review portion of 
this work was unsuccessful in finding any bolt failure data, the ductile and shear damage 
presented by Hooputra (2004) was used here in the absence of such data.  Per the 
recommendations of Wurzelbacher (2011) the aluminum data was left unscaled. 
 
24Figure 5-15: TSA-2 Model Bolts 
In order to keep the model from collapsing prior to the analysis, restraints had to be 
placed on the head of each bolt which were fixed in all directions.  Then, the restraints were 
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relaxed in the respective longitudinal directions while the bolt was pretensioned so that shrinkage 
could occur and develop the bolt force.  Once the bolts were pretensioned, the restraints were 
deactivated allowing the bolt to have rotation and movement during the connection loading. 
 
5.2.5 General Information 
 During the pretension step, in order to tighten down the bolts to a desired force, a 
temperature change was applied to the shanks of all bolts.  This resulted in a shrinkage which 
was specifically calculated using a coefficient of thermal expansion of 6.6 x 10-6 strain per 
degree Fahrenheit.  The calculations used to do so, found in Appendix B, resulted in a 
temperature change of -686° F.  This step was defined as a dynamic explicit step with the time 
period set to 1s.  This was because there was little concern of dynamic effects coming from heat 
change and very little motion was occurring.  The loading step, also dynamic explicit, enacted 
the beam tip displacement boundary condition.  This step was assigned a time period of 2,400s 
because anything short of this would cause local deformation in the beam rather than at the 
connection.  
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5.3 TSA-3 Connection 
 
25Figure 5-16: TSA-3 Assembly 
 10’-9” W14x145 Column 
 14’-4 2/3” W18x40 Beam 
 2 - 8” long L6x8 angles, cut from an L8x8 
 PL9x3-1/8x5/16 shear tab 
 4 – 1 1/4” Diameter, 3 ½” Tension bolts 
 8 – 7/8” Diameter, 3” Shear bolts 
 3 – 7/8” Diameter, 2” Shear bolts 
5.3.1 Beam 
 TSA-3, the “small angle” model, was built in an effort to demonstrate failure in a third 
component of a TSA connection, namely the angle.  It was noticed when analyzing the bolt 
fracture model that a plastic hinge was on the verge of forming in the angle, as well as significant 
yielding in the shear tab.  To extend the analysis and induce failure in different components, 
slight changes were made to the bolt sizes and angle thicknesses from TSA-1.  This did not 
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include adding any additional parts, only modifying them so this model consisted of 7 parts: 
beam, column, angle, shear tab, tension bolt, and two different shear bolts.  The modeling of 
each part was consistent with the previous two models with parts being drawn in a 2D plane, 
extruded to length, and then referenced multiple times in the assembly.  The beam was modeled 
as a W18x40 member in a 30’-1” frame.  To model maximum deflection at the mid span of the 
beam, half the member length was modeled.  Two other factors adjusted the length of the beam 
modeled; typically frames/bays are referenced as center to center of the columns so half the 
column depth must be accounted for, and a TSA connection typically has a setback off the 
column face which for this model was chosen to be ½ in.  This resulted in a beam length to be 
modeled of roughly 173 in., which is displayed below in Figure 5-17. 
 
26Figure 5-17 Dimensions and Loading Conditions for the TSA-3 Beam 
After the part was drawn and extruded, the beam was assigned the material properties 
from the mill reports provided by Schrauben and given in Appendix A just as the previous two 
models.  The same logic was also used in selecting the average flange properties as the 
governing values.  The use of the same material properties throughout all three models allowed 
for a better comparison of the model results.  Although the beam was not expected to fail in this 
connection, there was the possibility for tear out of the bolt hole located in the web.  For this 
reason the beam was given damage properties of the A992 steel which are listed in Appendix D.  
Before the part was meshed it was partitioned 9 times to allow for better meshing.  Each fillet 
region received two partitions; one to separate the flange and one to separate the web. This 
completely isolated the fillet region and allowed for uniform elements through the web and 
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flanges.  The flanges were then both partitioned at the mid-thickness to guarantee at least two 
elements in the flange.  The flanges were thin enough to not require this, but having two 
elements rather than one allowed the results to show the change in stresses from the top to the 
underside of the flange.  Lastly, partitions were created perpendicular to the cross section so that 
looking at the elevation view of the beam it was broken into 3 sections.  This was done so that a 
fine mesh could be used closest to the connection and a coarser mesh further away from the 
critical section.  The first partition was located at 12in. from the beam end; this section was given 
the smallest seed size of 0.3 resulting in 5,202 elements.  Because of the bolt holes, this section 
contained a very irregular mesh distribution.  The second partition created a 4ft section with a 
seed size of 1 which resulted in 2,208 elements which were organized uniformly in the section.  
The remainder of the beam was assigned a seed size of 3 and resulted in 1,920 elements.  All 
elements were defined as C3D8.  It should be noted that per the investigation discussed in 
chapter 4, the bolt holes were individually seeded at 0.2 to create a more rounded hole.   
A single constraint was used on the beam; at the end of the beam where the load was to 
be applied, a kinematic coupling constraint tied all nodes on the end of the beam to a single point 
at the web mid depth and mid thickness.  Figure 5-17 is slightly misleading with the force P 
applied at the top flange.  The load was applied my means of a deflection, and in order to not 
cause local failure under the loading point the kinematic coupling constraint was used.  
Therefore all degrees of freedom from all nodes on the edge of the beam were tied to the 
reference point.  Defining the depth of the displacement to be used on the reference point was an 
iterative process since this was a theoretical connection.  An initial displacement of 10” was 
applied and was slowly increased over several iterations to a final deflection of 15”.  The 
partitioning scheme, as well as the end loading constraint can be seen in Figure 5-18. 
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27Figure 5-18: TSA-3 Beam Partitioning, Meshing, & Constraint 
 
5.3.2 Column 
The partitioning scheme for the column was very simple as it was only partitioned along 
its cross section to isolate the flanges and web from the fillet region.  Since the column was not 
expected to undergo large stresses or deformations a seed size of 4 was selected for the entire 
part, minus the bolt holes which were given a seed of 0.2.  This resulted in several irregular 
elements surrounding the holes.  In all, 684 C3D8 elements were created in the part.  The column 
received two kinematic coupling constraints, one at each end of the part, constraining each end to 
reference points just like the tip of the beam as shown in Figure 5-19.  This allowed for the pin-
pin connection to be defined by a single point at the top and a single point at the bottom.  The 
reference points were allowed to rotate around the z axis (perpendicular to the beam span) but 
fixed in all other directions.  For the column material properties, again the same values were 
copied over from the previous models to keep uniformity in all the connections.  There was no 
damage data applied to the column. 
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28Figure 5-19: TSA-3 Column with Constraints 
 
5.3.3 Angles & Shear Tab 
  As stated as the start of this section, the angles and tension bolts were modified slightly 
from the bolt failure model to create this model.  The angle thickness was reduced from 1” to ½”, 
and larger bolts of 1.5” diameter were used; as a result the gauge distance for the vertical bolts 
was increased to 2.75” to accommodate the larger bolts.  Both the top and seat angles of the 
connection were identical and therefore were only drawn once.  The angle was partitioned twice, 
once where each leg of the angle entered the k-zone.  The shear tab, was already a nice 
rectangular shape, yet it was partitioned through each of the shear bolt slots to allow for better 
meshing around the slots.  The same A36 material property was used for both parts and was the 
same as such used in TSA-1 and TSA-2.  The mill report was only for the angle, yet was taken to 
be representative of an A36 material.  Ductile damage properties were applied relative to the A36 
properties given in Appendix D.  The angle was expected to undergo significant deformations, 
hinging action, and possible fracture; therefore a very fine mesh with a seed of 0.3 was applied to 
the whole part, except the bolt holes which were given a value of 0.2.  This resulted in two layers 
of elements through the thickness of the angle and a total of 4,329 C3D8 elements, displayed in 
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Figure 5-20.  Also expected to undergo large yielding and possible fracture, the shear tab was 
assigned a seed of 0.35 also resulting in a double layer of elements in through thickness and 488 
total C3D8 elements.  No constraints were applied to the angle as it was held in place entirely by 
bolts, while the shear tab was tied to the column face to represent a weld.  This was a surface-to-
surface tie in which the column flange was the master surface and the shear tab thickness edge 
was the slave surface. 
 
29Figure 5-20: TSA-3 Shear Tab & Angle Mesh 
 
5.3.4 Bolts 
The general modeling of the bolts was discussed in chapter 4.  For this connection, 
oversized tension bolts were used to prevent bolt failure while the shear bolt sizes from FS-01 
were retained, resulting in three different lengths and two different diameter bolts to be modeled.  
Each bolt was partitioned five times, twice longitudinally in a cross formation, once at each end 
of the shank, and once where the void stopped in the shaft if a void was modeled.  These 
partitions allowed the shank to be completely isolated so that the temperature change could be 
applied only in this region.  Per Equation 4-1, the void in the bottom of the bolts was modeled to 
the values shown in Table 5-3.  In the table below, Shear-1 corresponds to the shear bolts 
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connecting the angles to the column/beam and Shear-2 represents the shear bolts connecting the 
shear tab to the beam web. 
4Table 5-3: TSA-3 Connection Bolt Modeling Properties 
Bolt 
Grip 
 
(in) 
Bolt 
Length 
(in) 
Thread 
Length 
(in) 
Thread 
in Grip 
(in) 
Nut/Washer 
Length 
(in) 
Void 
Depth 
(in) 
Bolt 
Diameter 
(in) 
Threads 
per Inch 
Void 
Diameter 
(in) 
Tension 1.59 3.5 
1.5 
- 
1.036 
- 1 ¼   
9 
- 
Shear-1 1.025 3.0 - - 7/8 - 
Shear-2 0.628 2.0 0.1275 1.164 7/8 0.4216 
 
Since the angles were reduced to such a small thickness there were no threads in the grip for the 
tension bolts or shear-1 bolts; a void to replicate the reduced area of threads was therefore not 
modeled on these parts.  The five partitions mentioned previously on such a small object, 
combined with a small seed size, made it possible to create the rounded edges of the bolts.  For 
the tension bolts, a seed size of 0.18 was used and resulted in 2,916 elements.  The shear bolts 
connecting the angle and beam were also given a seed of 0.18, resulting in 1,260 elements.  
Lastly, the shear bolts connecting the beam web and shear tab, being less likely to see 
deformation because of the shear tab slot, were given a seed of 0.22 which resulted in 546 
elements.  All bolts were built from C3D8 elements and the resulting bolts with meshed elements 
and shank void can be seen in Figure 5-21.  For the bolt material, the bolts were defined as 
elastic perfectly plastic with a Young’s Modulus of 29,000 ksi and yield stress of 165 ksi.  Since 
no damage data utilizing triaxiality was found for the bolt material, the ductile and shear damage 
IDS criterion presented by Hooputra (2004) was used here. 
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30Figure 5-21: TSA-3 Model Bolts 
For the bolts, a single restraint was placed on the head of each bolt at the beginning of the 
analysis which was fixed in all directions, keeping the model from collapsing prior to it running.  
Then, the restraints were relaxed in their respective longitudinal directions while the bolts were 
pretensioned.  Once the pretension of the bolts was complete, the restraint was no longer 
necessary and therefore deactivated.  This left the bolts free to displace and rotate in any way 
while the connection was tested. 
 
5.3.5 General Information 
 The first step of the analysis, the pretension step, required the bolts to be tightened down 
to a specific force.  This was accomplished by rearranging the equations for material shrinkage 
and defining a specific change in temperature which resulted in the desired bolt force. The 
calculations used to obtain this temperature change can be found in Appendix B. Using a 
coefficient of thermal expansion of 6.6x106 strain per degree Fahrenheit, it was found that for the 
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7/8” bolts a temperature change of -686°F was needed, while the 1.25” bolts needed only a 
change of -336°F.  These temperature changes were applied to the shanks of all bolts.  This step 
was a dynamic explicit step with the time period set to 1second because dynamic of stressing the 
bolts was assumed to be minimal.  The second step was the loading step, also dynamic explicit, 
which enacted the beam tip displacement boundary condition.  For this boundary condition the 
displacement was defined in the negative y direction and out of plane motion was restrained to 0 
but all other motions were left free.  This step took place over a defined period of 900 seconds 
which kept all of the deformation at the connection. 
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Chapter 6: Analysis of Results 
 In the following sections, each of the three finite element models described in the 
previous chapter will be analyzed and the results explained. 
 
6.1 TSA-1 Connection Results 
 The bolt failure model is the only model for which comparisons can be drawn to real 
experimental data.  For this reason the TSA-1 model was analyzed first, and the comparison of 
the model results with test data will verify the procedure carried out in this report.  To further 
validate the process itself, not only will the end result be analyzed, but also designated steps 
along the way to failure.  These steps to failure will determine the model’s ability to follow the 
same relative path of the experiment to obtain the end result. 
 
6.1.1 Angle Yielding/Prying 
 Observations after the FS-01 test had been completed at Georgia Tech noted that the top 
clip angle underwent severe yielding which led to a prying action in the angle on the bolts.  
Specifically, a distinct yield line could be seen going across the bottom leg of the angle prior to 
failure.  In the experiment, this occurred at a deflection equivalent to the 0.75 increment of 
loading.  Figure 6-1, shown below, displays the top clip angle at 75% of the loading cycle.  
Plotted on the angle are contours of the equivalent plastic strain (PEEQ), which also indicate a 
yield line along the base of the bottom leg.  The scale is set to a maximum of one half the defined 
material ultimate plastic strain.  It should be noted that the maximum value shown in the legend, 
though above the one half limit is still below ultimate strain and therefore failure had not 
occurred yet. 
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31Figure 6-1: Angle Yielding Prior to Bolt Failure 
 
6.1.2 Web Crippling 
Secondly, it was documented that visible crippling had occurred in the web of the beam 
beneath the top clip angle.  This was due to the prying action exhibited by the angles; as the 
angle pries away from the column, the heel is pressed into the flange causing the crippling 
(Schrauben 1999).  Figure 6-2 is an illustration from Schrauben’s report showing where the 
yielding occurred in the beam.  Comparing this sketch to Figure 6-3 which shows a contour of 
the final PEEQ results of the finite element model, it can be seen that the model reproduced the 
minor yielding at the connection end k-zone effectively.  It should be noted that the sketch also 
shows yielding in the bottom k-zone of the web while the model does not produce this.  The 
extra yielding in the sketch can be attributed to cyclic loading, while the finite element model 
only used monotonic loading. 
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32Figure 6-2: Clip Angle "Pinching" Illustration (Schrauben 1999) 
 
33Figure 6-3: Finite Element Pinching 
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6.1.3 Bolt Fracture 
 Lastly, the most important result of all, the connection failed by bolt fracture.  
Experimental testing produced failure at 7.22” of displacement at the tip of the beam, requiring 
just over 20,000 lbs of forc.  Figure 6-4 shows a plot of the force vs displacement results from 
two versions of the finite element model overlaying a plot of the experimental results. 
 
34Figure 6-4: Load vs. Displacement for TSA-1 
 
This figure shows only the first quadrant of test results, but the experimental tests were 
performed using cyclic loading conditions which resulted in four quadrants of data.  Since 
monotonic loading was utilized in the finite element model, only the first quadrant is necessary.  
The line marked by the X’s represents a model which utilized the material failure properties as 
discussed in the previous chapters.  Since no true test data could be found for the bolt material, 
this model includes the Hooputra Aluminum data using a scaling factor of 1 per previous 
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researchers’ recommendations.  This resulted in crack initiation (first element deletion) at a tip 
displacement of -7.88” requiring a force of 21.23 Kips.  While the end result is still a bolt failure, 
an additional inch of displacement was required to initiate fracture.  The 75% line, marked by the 
square, represents scaling the bolt failure data by 75%.  This resulted in a failure point at D= -
7.05” with a corresponding applied force of F=21.06 Kips.  This aligns extremely well with the 
experimental results having only a 2.4% difference in fracture displacement.  Though 
Wurzelbacher recommended a scale factor of 1 to represent steel bolts using the Hooputra data, 
the need for only 75% is assumed to be due to the presence of shear in the bolts.  His 
recommendation for scaling was made based on pure tension tests. 
The failure began in the left tension bolt, and the right tension bolt followed immediately 
after, resulting in a brittle fracture.  Figure 6-5 shows the finite element model at the end of the 
simulation, directly after the bolts failed.  At this moment the load is being re-distributed to the 
shear tab, which would be assumed to fail almost instantaneously since it is not designed to carry 
that load. 
 
35Figure 6-5: TSA-1 Bolt Rupture 
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Though it is visually evident that failure had occurred in the connection, a more 
quantifiable method was used to show exactly when failure begun.  The STATUS variable in 
ABAQUS reads a value of 1 for all elements in the model that are active.  When the failure 
criteria were reached for an element, the value drops to 0.  Therefore, plotting the STATUS of all 
the bolt elements gives the plot shown in Figure 6-6.  It may seem as if only two elements failed, 
but on closer inspection it was found that several elements failed, just at two time instances.  
This makes sense because one bolt failed, causing the other bolt to be extremely overloaded and 
fail almost immediately after. 
36Figure 6-6: STATUS Plot of TSA-1 
 
6.2 TSA-2 Connection Results 
 The following section summarizes the model which was built to reflect the design 
procedure previously discussed for a fully restrained top and seat angle connection.  To obtain 
the needed stability, this connection utilized thicker angles, larger bolts, and an additional 
number of said bolts. 
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6.2.1 Beam Plastic Hinging 
 Due to the robust nature of the angles in comparison to the beam, as expected, when one 
end of the beam was deflected vertically, the entirety of the failure was localized in the beam.  A 
plastic hinge began to develop just beyond the edges of the angles as seen in Figure 6-7. 
 
37Figure 6-7: Plastic Hinge in TSA-2 
The max PEEQ is set at 5%, which is still below any of the specified fracture data, 
however it shows well the shape of the hinge which was being formed in the beam.  Something 
else which can be seen in Figure 6-7 is some local buckling in the bottom flange just past the 
connected angle.  This was noticed on both sides of the connection, beginning around 74% of the 
model completion, or -12.5 inches of beam tip displacement.  The eventual method of fracture 
initiation turned out to be net section fracture through the last row of shear bolts.  This failure 
can be seen in Figure 6-8 and Figure 6-9.  Therefore the process of failure went as follows; 
plastic hinge formation, local bucking, net section fracture.  Looking at Figure 6-9, after 1,750s 
elements begin to rapidly delete around the bolt holes indicating the crack initiation at this 
location. 
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38Figure 6-8: Net Section Fracture TSA-2 
 
39Figure 6-9: Element Status of TSA-2 
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6.2.2 Single vs Double Precision 
 An unforeseen side analysis showed the importance of using the double precision 
function within ABAQUS.  All ABAQUS models are by default run with single precision which 
corresponds to how many significant figures and memory are used to record the requested field 
outputs.  However, when models like the ones used in this work become extremely large and 
require millions of increments, that round off error can become a problem factor.  The only 
difference between Figure 6-10 and Figure 6-11 was the use of single and double precision.  
Originally thought to be dynamic effects from the beam being deflected too quickly, using only 
single precision was causing the beam deflection to become distorted at large increments.   
 
40Figure 6-10: TSA-2 Single Precision 
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41Figure 6-11: TSA-2 Double Precision 
 
A look at the force vs displacement graph for the TSA-2 model shows distinct elastic and plastic 
zones, but no slip plateau like the previous model.  This can be assumed to be attributed to the 
additional row of bolts adding enough strength to withstand slipping.  Also plotted, are the 
results of both the single and double precision models.  They show that though the visual 
representations of the models in Figures 10 & 11 look very different, the date results are very 
similar and unchanged due to the precision.  Lastly, the diagram does not show much loss in 
strength at the end of the graph, this is because the model completed the assigned 
displacement/time just as failure was initiating.  Since elements were beginning to delete rapidly 
just as the model stopped, it was dubbed sufficient to not utilize computation resources to push 
any further on a new model.  The jagged line that can be seen in the elastic zone is due to the 
finite element program taking dynamic effects into account and the beam oscillating slightly due 
to the initial load.  Even with a loading rate of 0.5 in/min, some bounce can be seen in the tip 
reaction force. 
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42Figure 6-12: Force vs Displacement TSA-2 
 
6.3 TSA-3 Connection Results 
 The following model was constructed based on the observations from TSA-1.  As stated 
in section 6.1, it seemed a plastic hinge was developing in the bottom leg of the top angle just 
prior to bolt failure.  Therefore, this model was intended to force that hinge to develop and 
eventually lead to fracture in the angle.  However, as can be seen in Figure 6-13, though the 
angle has clearly failed, the first crack initiation was in the shear tab. 
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43Figure 6-13: TSA-3 PEEQ Countour Plot 
 
6.3.1 Beam Web Strength 
 Before looking at the clip angles or shear tab to see if fracture had begun, first the beam 
web should be analyzed.  The beam was most likely to fail due to bearing of the shear bolts in 
the web.  To check this, Figure 6-14 shows the PEEQ of the end of the beam at the connection 
after the analysis.  With the limit set to 0.49, viewing the contours show that none of the bolt 
hole locations were anywhere near the plastic limit. 
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44Figure 6-14: TSA-3 Beam Strength at Fracture 
6.3.2 A36 Material Failure 
 The same A36 material properties were assumed for both the shear tab and clip angles in 
this test.  This resulted in the top clip angle yielding tremendously while the shear tab yielded 
only slightly before it began to fracture and tear out around the top bolt slot.  Figure 6-13 shows 
the deformed connection after a crack has initiated.  The contours in the figure are set to the 
probable plastic strain at failure.  There are some elements which fall above this limit, all of 
which are around the top bolt slot of the shear tab.  A blown up image of just the shear tab is 
shown below in Figure 6-15.  Here the red circles indicate where elements have been deleted in 
the top and bottom left of the slot.  Evidence of the crack initiation and element deletion is 
further quantified in the STATUS plot in Figure 6-16 which graphically shows exactly when 
each element failed.  This crack initiation indicates a tear out beginning to occur at the top shear 
bolt, which will lead to the eventual fracture in the shear tab. 
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45Figure 6-15: TSA-3 Fractured Shear Tab 
 
46Figure 6-16: TSA-3 STATUS Plot 
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Chapter 7:  Conclusions & Recommendations 
In summary, the three top and seat angle models outlined in this research investigated the 
limit states of bolt fracture, net section fracture, and tear out.  While investigating tension bolt 
fracture, the failure was not localized solely to the bolts as the top clip angle experienced severe 
yielding and prying prior to the bolts brittle fracture.  The remaining two models presented a 
much more ductile fracture mechanism as the net section fracture and tear out were slow 
developing.  The second model exhibited large deformations at the beam tip and developed a 
plastic hinge in the beam web prior to crack formation along the first row of shear bolt holes, 
furthest from the column.  The third and final model also exhibited large deformation at the 
beam tip.  Prior to the eventual fracture in the shear tab, the top clip angle experienced severe 
yielding, essentially flattening to a tension member.  The tear out occurred through the top shear 
bolt slot in the tab due to the shear bolt bearing on it. 
After looking at the results of each of the individual tests, it is determined that the outlined 
procedure adequately represents the true performance of steel top and seat angle connections 
through the elastic and plastic regions and on through to connection fracture.  The procedure 
discussed and carried out herein was validated using a full scale experimental test and then 
applied to various connection scenarios.  The ABAQUS Explicit software, though being very 
computationally intensive, successfully replicated and predicted fracture in these connections 
and is recommended for use in any future test simulations.  When replicating this work or 
applying this technique here are a few steps to follow: 
1. Use C3D8 elements throughout with element deletion specified 
2. Explicit is best utilized with general contact 
3. Apply damage material properties utilizing the stress triaxiality.  Along with each 
property the damage evolution of that material must be defined 
4. Use a step amplitude which limits the rate of deflection to 0.5 in/min or less to minimize 
dynamic effects 
5. Always use double precision to avoid round off errors in models with large amount of 
iterations. 
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Chapter 8: Future Work 
 
There are several ways in which this work can be built upon to go further and learn even 
more.  The first of which would be to provide experimental tests on bolts and document fracture 
details.  This would eliminate the need to use scaled aluminum data, and result in more accurate 
and true results.  Material properties for the bolts that would need to be recorded in the tests 
would be the strain rate, strain, and the triaxiality. 
Second, this work only compared itself to one full scale top and seat angle connection 
test.  Though it worked, the procedure would carry more weight if it were verified with multiple 
true known sources. 
Third, there are few full scale tests to compare to.  So completing new full scale top and 
seat angle tests to which computer simulations can be compared will greatly aid in testing the 
ability and bounds of ABAQUS, or similar finite element programs.  
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Appendix A 
Material Properties 
Material properties for the L8x8x1 angles 
 
*These properties were assumed for the shear tab a well for modeling. 
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Material properties for the W14x145 column 
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Material properties for the W18x40 beam 
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Appendix B 
Bolt Pretensioning Equations
 
 
 
 
 
 
𝜎 = 𝐸𝜀 
𝜀𝑇 = 𝛼∆𝑇 
𝜎 =
𝑃𝑏
𝐴𝑏
 
𝑃𝑏
𝐴𝑏
= 𝐸(𝛼∆𝑇) 
∆𝑇 =
𝑃𝑏
𝐴𝑏𝐸𝛼
 
(A-1) 
(A-2) 
(A-3) 
 
 (A-4) 
(A-5) 
Where: 
ε is the strain 
εT is the thermal strain 
σ is the normal stress 
ΔT is the temperature change 
E is Young’s modulus 
α is the coefficient of thermal expansion 
Pb is the bolt pretension force 
Ab is the nominal area of the bolt shank 
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Appendix C 
Part Partitioning and Meshing 
 
TSA-1 Column Partitioning & Mesh 
 
TSA-1 Beam Partitioning & Mesh 
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TSA-1 Angle Partitioning & Mesh 
TSA-1 Beam Cross Section Partitioning & Mesh 
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TSA-1 Typical Bolt Partitioning & Mesh 
 
TSA-1 Shear Tab Partitioning & Mesh 
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TSA-2 Column Partitioning & Mesh 
 
TSA-2 Beam Partitioning & Mesh 
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TSA-2 Angle Partitioning & Mesh 
TSA-2 Beam Cross Section Partitioning & Mesh 
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TSA-2 Typical Bolt Partitioning & Mesh 
 
TSA-2 Shear Tab Partitioning & Mesh 
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TSA-3 Column Partitioning & Mesh 
 
TSA-3 Beam Partitioning & Mesh 
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TSA-3 Angle Partitioning & Mesh 
TSA-3 Beam Cross Section Partitioning & Mesh 
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TSA-3 Typical Bolt Partitioning & Mesh 
TSA-3 Shear Tab Partitioning & Mesh 
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Appendix D 
Table A-1: Hooputra Damage Data for Aluminum 
Ductile Shear 
Fracture 
Strain 
Stress 
Triaxiality 
Strain Rate 
Fracture 
Strain 
Shear Stress 
Ratio 
Strain Rate 
33.2380 -3.3333 0.0001 0.2761 -10 0.0001 
33.2380 -0.3333 0.0001 0.2761 1.4236 0.0001 
23.3810 -0.2667 0.0001 0.2613 1.4625 0.0001 
16.4470 -0.2000 0.0001 0.2530 1.5013 0.0001 
11.5700 -0.1333 0.0001 0.2510 1.5401 0.0001 
8.1394 -0.0667 0.0001 0.2551 1.5789 0.0001 
5.7268 0.0000 0.0001 0.2656 1.6177 0.0001 
4.0303 0.0667 0.0001 0.2825 1.6566 0.0001 
2.8377 0.1333 0.0001 0.3065 1.6954 0.0001 
2.0000 0.2000 0.0001 0.3379 1.7342 0.0001 
1.4124 0.2667 0.0001 0.3778 1.773 0.0001 
1.0013 0.3333 0.0001 0.4269 1.8118 0.0001 
0.7155 0.4000 0.0001 0.4865 1.8506 0.0001 
0.5192 0.4667 0.0001 0.5581 1.8895 0.0001 
0.3878 0.5333 0.0001 0.6435 1.9283 0.0001 
0.3048 0.6000 0.0001 0.7448 1.9671 0.0001 
0.2600 0.6667 0.0001 0.8644 2.0059 0.0001 
0.2476 0.7301 0.0001 1.0053 2.0447 0.0001 
0.3028 0.8510 0.0001 1.1710 2.0835 0.0001 
0.6195 1.0237 0.0001 1.3655 2.1224 0.0001 
1.9018 1.2435 0.0001 1.5937 2.1612 0.0001 
7.5608 1.5058 0.0001 1.8611 2.2 0.0001 
7.5608 3.3333 0.0001 1.8611 10 0.0001 
33.2380 -3.3333 0.001 0.2761 -10 0.001 
33.2380 -0.3333 0.001 0.2761 1.4236 0.001 
23.3810 -0.2667 0.001 0.2613 1.4625 0.001 
16.4470 -0.2000 0.001 0.2530 1.5013 0.001 
11.5700 -0.1333 0.001 0.2510 1.5401 0.001 
8.1394 -0.0667 0.001 0.2551 1.5789 0.001 
5.7268 0.0000 0.001 0.2656 1.6177 0.001 
4.0303 0.0667 0.001 0.2825 1.6566 0.001 
2.8377 0.1333 0.001 0.3065 1.6954 0.001 
2.0000 0.2000 0.001 0.3379 1.7342 0.001 
1.4124 0.2667 0.001 0.3778 1.773 0.001 
1.0013 0.3333 0.001 0.4269 1.8118 0.001 
0.7155 0.4000 0.001 0.4865 1.8506 0.001 
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0.5192 0.4667 0.001 0.5581 1.8895 0.001 
0.3878 0.5333 0.001 0.6435 1.9283 0.001 
0.3048 0.6000 0.001 0.7448 1.9671 0.001 
0.2600 0.6667 0.001 0.8644 2.0059 0.001 
0.2476 0.7301 0.001 1.0053 2.0447 0.001 
0.3028 0.8510 0.001 1.1710 2.0835 0.001 
0.6195 1.0237 0.001 1.3655 2.1224 0.001 
1.9018 1.2435 0.001 1.5937 2.1612 0.001 
7.5608 1.5058 0.001 1.8611 2.2 0.001 
7.5608 3.3333 0.001 1.8611 10 0.001 
84.1320 -3.3333 250 0.3338 -10 250 
84.1320 -0.3333 250 0.3338 1.4236 250 
47.3270 -0.2667 250 0.3336 1.4625 250 
26.6210 -0.2000 250 0.3355 1.5013 250 
14.9740 -0.1333 250 0.3396 1.5401 250 
8.4238 -0.0667 250 0.3457 1.5789 250 
4.7393 0.0000 250 0.3541 1.6177 250 
2.6675 0.0667 250 0.3647 1.6566 250 
1.5034 0.1333 250 0.3777 1.6954 250 
0.8508 0.2000 250 0.3930 1.7342 250 
0.4878 0.2667 250 0.4108 1.773 250 
0.2908 0.3333 250 0.4312 1.8118 250 
0.1926 0.4000 250 0.4543 1.8506 250 
0.1601 0.4667 250 0.4804 1.8895 250 
0.1820 0.5333 250 0.5094 1.9283 250 
0.2658 0.6000 250 0.5417 1.9671 250 
0.4400 0.6667 250 0.5774 2.0059 250 
0.7434 0.7301 250 0.6168 2.0447 250 
2.0883 0.8510 250 0.6601 2.0835 250 
9.2599 1.0237 250 0.7076 2.1224 250 
61.7180 1.2435 250 0.7596 2.1612 250 
593.6700 1.5058 250 0.8163 2.2 250 
593.6700 3.3333 250 0.8163 10 250 
84.1320 -3.3333 1000 0.3338 -10 1000 
84.1320 -0.3333 1000 0.3338 1.4236 1000 
47.3270 -0.2667 1000 0.3336 1.4625 1000 
26.6210 -0.2000 1000 0.3355 1.5013 1000 
14.9740 -0.1333 1000 0.3396 1.5401 1000 
8.4238 -0.0667 1000 0.3457 1.5789 1000 
4.7393 0.0000 1000 0.3541 1.6177 1000 
2.6675 0.0667 1000 0.3647 1.6566 1000 
1.5034 0.1333 1000 0.3777 1.6954 1000 
0.8508 0.2000 1000 0.3930 1.7342 1000 
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0.4878 0.2667 1000 0.4108 1.773 1000 
0.2908 0.3333 1000 0.4312 1.8118 1000 
0.1926 0.4000 1000 0.4543 1.8506 1000 
0.1601 0.4667 1000 0.4804 1.8895 1000 
0.1820 0.5333 1000 0.5094 1.9283 1000 
0.2658 0.6000 1000 0.5417 1.9671 1000 
0.4400 0.6667 1000 0.5774 2.0059 1000 
0.7434 0.7301 1000 0.6168 2.0447 1000 
2.0883 0.8510 1000 0.6601 2.0835 1000 
9.2599 1.0237 1000 0.7076 2.1224 1000 
61.7180 1.2435 1000 0.7596 2.1612 1000 
593.6700 1.5058 1000 0.8163 2.2 1000 
 
 
 
 
Table A-2: Myers Damage Data for A992 Steel 
Material Test# 
Δf  
(mm) 
Δf  (in) T εp 
A992 
1 1.2 0.047244 1.07 0.49 
3 1.11 0.043701 1.08 0.46 
2 1.08 0.04252 1.09 0.44 
2 0.98 0.038583 1.16 0.39 
1 0.95 0.037402 1.17 0.38 
3 0.96 0.037795 1.18 0.37 
3 0.52 0.020472 1.31 0.19 
1 0.63 0.024803 1.32 0.25 
2 0.65 0.025591 1.33 0.26 
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Table A-3: Myers Damage Data for A36 Steel 
Material Test# 
Δf  
(mm) 
Δf  (in) T εp 
A36 
18 0.91 0.036 0.92 0.81 
19 0.93 0.037 0.92 0.81 
17 0.91 0.036 0.92 0.83 
  0.92 0.036 0.92 0.82 
4 1.68 0.066 0.95 0.64 
2 1.70 0.067 0.95 0.66 
3 1.71 0.067 0.95 0.66 
1 1.70 0.067 0.95 0.67 
  1.70 0.067 0.95 0.66 
12 1.05 0.041 1.00 0.67 
10 1.08 0.043 1.00 0.71 
  1.07 0.042 1.00 0.69 
9 0.97 0.038 1.01 0.61 
11 1.07 0.042 1.01 0.66 
  1.02 0.040 1.01 0.64 
21 0.64 0.025 1.13 0.56 
20 0.52 0.020 1.14 0.48 
22 0.64 0.025 1.14 0.52 
  0.58 0.023 1.14 0.50 
23 0.79 0.031 1.15 0.53 
6 1.30 0.051 1.17 0.52 
7 1.20 0.047 1.17 0.52 
  1.25 0.049 1.17 0.52 
5 1.27 0.050 1.18 0.51 
8 1.30 0.051 1.18 0.51 
  1.29 0.051 1.18 0.51 
15 0.61 0.024 1.29 0.44 
14 0.62 0.024 1.29 0.45 
  0.62 0.024 1.29 0.45 
13 0.54 0.021 1.36 0.32 
16 0.59 0.023 1.39 0.30 
*The above data has been reorganized in order of increasing triaxiality and for tests with equal triaxiality 
an average has been taken so only the bolded values were used in ABAQUS. 
